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Introduction
Lake Winona (Fig. 1), which lies within the City of Winona in southeastern Minnesota, is
highly eutrophic because it receives nutrient-rich urban runoff and has stored erosion products from
surrounding agricultural land. Severe winter kills in 1965 and 1969 allowed rough fish to dominate
the lake until 1973, when it was reclaimed to create a sport fishery, mainly for children, the elderly
and handicapped. Reclamation has caused complex limnological changes.
Lake Winona and Boiler Lake (Fig. 1) were formed prior to 1850 when deltas of tributary
streams slowly enlarged, segmenting a channel of the Mississippi River. With the advent of farming,
Gilmore Creek often carried large volumes of agricultural soil into Lake Winona during floods
(maximum flow 152 m3 • s-1, July 21, 1951). This necessitated repeated dredging between 1913 and
1958 which deepened portions of the lake and created most of the parks and residential areas which
surround it. In 1944, Gilmore Creek was routed through Boiler Lake, creating a flood reservoir and
sediment trap. Because of seepage and evaporation, significant flow from Gilmore Creek only
reaches Lake Winona during periods of rapid runoff; most surface flow into the lake is via storm
sewers which drain 648 ha. Levees isolate the lake and the surrounding city from the Mississippi
River, but permeable soils surround the lake, causing its level to rise and fall with the river. During
floodtime, lake level is regulated by a pumping station on the outlet ditch.
Lake Winona includes two basins separated by a causeway. Their combined area is 129 ha; total
length of shoreline is 8.6 km. The lake has several deep holes (maximum depth 12 m) created by
dredging, but 86.6 % of the lake is less than 3 m deep. Indices of volume development and shoreline
development are 0.68 and 2.12, respectively. Total hardness ranges from 154 to 223 mg • kg"
Prior to 1965, Lake Winona supported a productive sport fishery, but severe winterkills in 1965
and 1969 caused the deaths of most fish (about 800 kg • ha-1) each year. Fish subsequently entered
the lake from the river; by 1973 it contained a large, complex, undesirable fauna dominated by bigmouth buffalo (Ictiobus cyprinellus), carp (Cyprinus carpio), black bullhead ([Ictaluras melas) and giz
zard shad (Dorosoma cepedianum). By rooting and increasing turbidity, they destroyed virtually all
rooted macrophytes. Sport fishing was limited mainly to stunted bluegills (Lepomis macrochirus)
and green sunfish (Lepomis cyanellus). It was obvious that if no remedial measures were taken,
winter kills would occur with increasing frequency, creating costly nuisance problems and render
ing the lake useless as a sport fishery.

Methods
Rehabilitation included: 1. installation of six submerged Helixor aerators supplied by three onland, piston-driven air compressors (each 7.5hp, supplying 1.7m3 • min-1 at 1.7kg/cm2, 2. rotenone treatment of Lake Winona and most of its watershed, including storm sewers, 3. installation
of an electric weir at the lake outlet, and 4. restocking with bluegills, largemouth bass (Micropterus
salmoides), smallmouth bass (Micropterus dolomieui), northern pike (Esox lucius), muskellunge (Esox
masquinongy), walleye (Stizostedion vitreum) and channel catfish (Ictalurus punctatus). Fourteen spe
cies of fish were killed during the rotenone operation; they weighed 109,030 kg (standing stock
845 kg • ha"1).
A volunteer citizen committee raised funds, installed equipment, constructed specially-designed
fishing piers for children and handicapped, and coordinated the efforts of the Minnesota Depart-
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Fig. 1. Photograph of Lake Winona and surrounding area.
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ment of Natural Resources (MDNR), the City of Winona (CW) and Winona State University
(WSU). Most work was done by volunteers; virtually all equipment was purchased by local contri
butors; operational and maintenance costs were funded by the CW. The MDNR made annual fish
eries surveys and was responsible for fisheries management. Additional data were collected
throughout the project by WSU students for limnology classes and research projects. A compen
dium containing 13 years of project information was published (FREMLING & HEINS 1986).

Results
Short term, obvious impacts of rehabilitation, included: 1. increased transparency
disc 7.3 m, Feb., 1976), 2. increased levels of dissolved oxygen at all depths and
seasons, 3. increased numbers of benthic macroinvertebrates (predominantly chironomid
midge larvae, 2,410 • m"2, blotted weight 32.5 g/m2), 4. rapid growth of fish (northern
pike, egg to 55.8 cm in first summer), and 5. excellent fishing, especially for bluegills
(1980 May—Sept. bluegill catch rate — 3.6fish/man-h, estimated total harvest —
157,000, average weight — 93.3 g). Winter aeration was not necessary until January, 1977,
but aerators were subsequently operated year round. It was initially thought that
summer aeration would destratify and oxygenate the entire lake, accelerate decomposi
tion of organic sediments, increase populations of benthic invertebrates, precipitate
phoshorus, and reduce blue-green algae populations by mixing them throughout the
water column and by decreasing carbon dioxide levels.
Aeration was effective during fall, winter and spring, but was ineffective during
summer stratification because: 1. 13 °C hypolimnetic water air-lifted from the lake bot
tom flowed outward for less than 100 m before it sank and was recirculated, 2. circulation
was hindered by dense growths of invasive macrophytes, and 3. the relatively warm
water did not absorb oxygen as readily as the colder water of other seasons. Conse
quently, Lake Winona became virtually anaerobic at depths greater than 1.5 m from July
through September, when the aerators provided small, cool refuges where sensitive fishes
could escape the stress of the epilimnion. By concentrating fish, the aerators also in
creased fishing success. Average annual cost (1983—1987) for all aeration, including
maintenance and repair, was $ 10,293.
Curlyleaf pondweed (Potamogeton crispus) invaded the shallows in 1974; by 1976 it
dominated all areas less than 4.6 m deep (over 90 % of the lake), causing severe nuisance
problems. In 1981, curlyleaf pondweed comprised an estimated 98% of the volume of
weeds in the lake (2.71 • ha -1 dry wt. at 105 °C). P. crispus, which is a cool water plant,
flowered at the surface in late May, gave the lake a scummy appearance, then died in mid
summer, causing a high biological oxygen demand. Decaying plants released nutrients,
stimulating proliferation of blue-green algae. In addition to impeding destratification, the
lush growth provided protective cover for bluegills and black crappies (Pomoxis nigromaculatus), thus exacerbating their overabundance and consequent stunting.
Several experiments with an herbicide (Aquathol K) demonstrated that such treat
ment would: 1. be prohibitively expensive, 2. create intolerable biological oxygen de
mands, 3. cause summer fish kills, and 4. release nutrients, thereby causing blooms of
blue-green algae. A weed cutter-harvester (Altosar, 40.5 h.p., swathe width 1.8 m) and
onshore conveyer proved to be an effective, ecologically sound alternative. During the
first full season of use (1983), 4751 (wet wt.) of plants (98 % P. crispus) were harvested and
composted for public use at a total operational cost of $ 12,567. Harvests decreased
yearly, partly due to attrition, but primarily due to replacement of P. crispus (an exotic
(SECCHI
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annual) by native perennials, especially coontail (Ceratophyllum demersum). The present
cutting-harvesting system has significantly alleviated the macrophyte problem in Lake
Winona; it has also received wide public acceptance. Biological control of macrophytes
by plant-eating grass carp (Ctenopharyngodon idella) or crayfish (e.g. Orconectes rusticus)
was not considered because their use is illegal in Minnesota.
During spring, 1979, an accidental discharge of 28,0301 of No. 6 fuel oil occurred in
the east basin (FREMLING 1981). Most of the oil was successfully recovered, but stress and
bacterial infection (Flexibacter columnaris) killed an estimated 190,000 bluegills, resulting
in a significant, but ephemeral increase in growth rate in the affected basin. Fishing re
mained excellent for largemouth bass, northern pike and bullheads, but in recent years
most anglers found bluegills and crappies to be unacceptably small. Average weight of
bluegills decreased from 93 g in 1980 to 37 g in 1986.
Daphnia pulex dominated the zooplankton during the first few years subsequent to re
clamation, but replacement by smaller Bosmina longirostris was concurrent with bluegill
proliferation, increased algal abundance and decreased transparency. Intense predation is
known to favor small species of zooplankton (BROOKS & DODSON 1963, SHAPIRO 1980,

SHAPIRO & WRIGHT 1984).
Although B. longirostris was the most abundant zooplankter during mid-summer,

1985, bluegills selected heavily for copepods (Diaptomus sp.) apparently because their
greater length (1.2 mm) and protruding antennae made them less likely to pass through
the 0.23-mm space between gill rakers of 12-cm bluegills. Until they attained a weight
of about 37 g, bluegills in Lake Winona were able to feed upon zooplankton, but as they
grew larger, gill raker interspaces were too large to retain small zooplankters. To grow,
bluegills needed larger organisms such as chironomid larvae, but the organic-rich, anoxic
sediments provided poor habitat for them (BAY et al. 1966, HILSENHOFF & NARF 1968).
Total standing crop of benthos throughout most of the lake in summer averaged less
than 35 g/m2.
Efforts to increase bluegill size via increased predation have been unsuccessful. Lake
Winona has a vigorous population of largemouth bass which are effective predators on
bluegills; annual reproduction and size structure are good. An annual stocking of about
3,000 winter-rescued northern pike has been made each year. The effectiveness of north
ern pike as bluegill predators is questionable, however, and current thinking is that no
practical level of northern pike stocking will affect bluegill population reduction. The re
putation of the flathead catfish (Pylodictis olivaris) as a piscivore and its rapid growth to
considerable size have prompted many attempts to use it to control unbalanced fish pop
ulations (DAVIS 1985). Three thousand fingerling and yearling flathead catfish were
stocked as additional predators in 1981 and 1982, but were not successfully established.
Bowfin (Amia calva) were chosen to provide additional predation, and 7,582 kg of adults
were stocked from Apr., 1984 to Feb., 1986. Bowfin are commonly found in Minnesota's
bass-panfish lakes where they prey upon small bluegills and other fishes which con
gregate in shallow, warm, weedy areas where other predators are relatively ineffective
(NEWBURG 1985). Evaluation of bowfin introduction will continue through 1988. If no
improvement in bluegill growth has occurred by that time, a winter kill may be induced
in the smaller of the two basins. Macrophyte harvesting will also be accelerated to re
move protective cover and to enhance water circulation and the consequent aeration of
sediments. Plans for the future include dredging to remove organic sediments in some
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areas. Unfortunately, storm sewer diversion is not anticipated because it has been
deemed prohibitively expensive.
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